At convergent plate boundaries, the properties of the actual plate contact are important for the overall dynamics. Convergent plate boundaries both mechanically decouple and link tectonic plates and accommodate large amounts of strain. We investigate two fundamental physical states of the subduction contact: one based on a fault and the other based on a subduction channel. Using a finite element method, we determine the specific signatures of both states of the subduction contact. We pay particular attention to the overriding plate. In a tectonic setting of converging plates, where the subducting plate is freely moving, the subduction channel reduces compression relative to the fault model. In a land-locked basin setting, where the relative motion between the far field of the plates is zero, the subduction channel model produces tensile stress regime in the overriding plate, even though the amount of slab roll-back is small. The fault model shows a stronger development of slab roll-back and a compressive stress regime in the upper plate. Based on a consistent comparison of fault and channel numerical models, we find that the nature of the plate contact is one of the controlling factors in developing or not of backarc extension. We conclude that, the type of plate contact plays a decisive role in controlling the backarc state of stress. To obtain backarc extension, roll-back is required as an underling geodynamic process, but it is not always a sufficient condition.
I N T RO D U C T I O N
Whereas several correlations between observed parameters in subduction zones have been established, the physical meaning of such correlations is only partially understood. In convergent plate boundaries, the properties of the actual plate contact are important for the overall dynamics. For the operation of plate tectonics a relatively low shear strength is a critical mechanical property of plate contacts (Tackley 2000) . The effective friction at a subduction zone has a first order control on plate boundary topography and the plate-like motion (Zhong et al. 1998) . In the most simple representation the plate contact is a single fault, and the friction coefficient controls the jump in fault parallel velocities across the fault, that is, the level of decoupling. Plate contacts between oceanic plates come closest to such single fault representation, but even there closer examination consistently shows that strain is distributed.
In the late seventies and early 1980s 2-D models were introduced with a weak subduction contact zone of few hundred kilometres wide (Kapitzke 1979; Schmeling & Jacoby 1981; Jacoby & Schmeling 1982) . The weak zones were used to localize deformation and to mimic rheological stress weakening. The limitation of such formulation was that the deformation was distributed over the entire weak zone which conflicted with seismic observations. Shreve & Cloos (1986) proposed that the descending plate carries a layer of sediments down into a relatively thin subduction channel (0.3-5.3 km) beneath the overriding block. These sediments were proposed to act as a lubricating layer. The transmission of velocity and stress between plates was regulated by the dimension, the pressure distribution and the rheology of the channel (Shreve & Cloos 1986 ).
More observational support for channel of a few kilometres has been collected since. All over the world, seismic studies have shown the presence of interplate sedimentary channel-like units of about 1-8 km (Eberhart-Phillips & Martin 1999; Tsuru et al. 2002; Oncken et al. 2003; Abers 2005) . More indirect evidence for a subduction channel comes from the observation of high-pressure and ultrahighpressure metamorphic minerals in relicts of continental crust, which document pressures in excess of 3 GPa (corresponding to a depth of about 100 km) at relatively low temperatures. The common interpretation of these observations is that the sediments were subducted and subsequently exhumed very rapidly (Smith 1984; Chopin 2001) . A subduction channel was invoked to explain this process and it was quantitatively modelled by Gerya et al. (2002) .
There are two reasons why the sediment channel cannot be a good description of all subduction zones. First, great subduction earthquakes attest to the fact that the subduction interface cannot be weak everywhere (Davies & Brune 1971; Kanamori 1977; Ruff & Kanamori 1983; Tichelaar & Ruff 1993) . Most interplate seismicity occurs at depth range of 0-50 km (Tichelaar & Ruff 1993) , meaning that at least the shallow part of the subduction zone has a finite shear strength. Second, sediment supply varies widely from site to site as indicated by accretionary wedge dimensions and erosive margin observations. This means that when the amount of sediments is small, the subduction channel becomes so thin that a more appropriate description of the plate contact is by one or several faults. Fault normal velocities and tractions are continuous, and plates are fully coupled in this direction.
On the scale of the entire lithosphere, quantitative models based on a single throughgoing subduction fault have been used to investigate how the fault properties influence the stress distribution and plate boundary forces associated with subduction (Bott et al. 1989; Whittaker et al. 1992; Giunchi et al. 1996) . Zhong & Gurnis (1994a,b) , and Zhong et al. (1998) pointed out that a subducting slab with a fault produces plate like behaviour, trench and fore bulge topography and principal stresses consistent with observations. Thus, there is support for both types of contact zones. The fault and the subduction channel represent two different physical states of the subduction plate contact. A subduction zone may evolve from one state to another through a varying sediment supply. Along strike variations in the physical state of a single subduction zone are also conceivable.
Another fundamental aspect governing the response of subduction is the tectonic setting of the plates. In subduction zones, the range of tectonic settings is wide; for instance, the overriding plate can be driven towards or away from the trench or be stationary; the subducting plate can be actively driven into the subduction zone, or not. Another possibility is that collision effectively hampers further subduction. Clearly, the stress and the velocity distribution of the area are affected by these factors. Here we focus on tectonic settings where motions are driven entirely within the model domain: (1) the setting in which the overriding plate is stationary in the far field and the oceanic subducting plate is freely moving (free subduction) and (2) a land-locked basin setting where there is no net convergence between the surface plates, so that subduction must occur through roll-back (e.g. Mediterranean basin).
The aim of our study is to determine the specific signatures of both states of subduction zones, that is, a subduction fault and a subduction channel, in these tectonic settings. Through numerical modelling we evaluate overriding plate velocities, stress field in the backarc region and topography for both types. By using a single finite element program for both types of models, the results are internally consistent and, therefore, well suited for comparison.
N U M E R I C A L M E T H O D A N D M O D E L S E T U P
For the purpose of this study we focus on a generic subduction zone, that is, we do not focus on any particular convergent plate boundary. In such a generalized subduction zone we choose to omit some of the geometric details that have been documented by the recent compilation by Lallemand et al. (2005) . While important for making accurate predictions for any real subduction zone, these details do not affect the principal functioning of the subduction zone and would merely add complexity that clouds our understanding of the physical process. One major simplification we make for this very same reason is that the subduction zone is well represented by a 2-D cross-section (Fig. 1) .
The long-term mechanics of the lithosphere and upper mantle is governed by the momentum equation. We solve this partial differential equation for instantaneous velocities and stresses using the plain strain approximation. We use the G-TECTON finite element code (Govers & Wortel 1993) , which was developed from TECTON version 1.3 (Melosh & Raefsky 1983) , to solve the momentum equation. Constitutive laws in the model represent elastic, viscous and plastic deformation.
Viscosity is taken to be strongly temperature dependent, in accordance with rock mechanical experiments in both the power law and diffusion creep regime (e.g. Kohlsteldt & Zimmerman 1996) . Density also depends on temperature and we adopt a linear equation of state in our model. These dependences make it necessary to also solve for model temperature.
The initial temperature field is computed with a new finite element solver in G-TECTON for the steady state diffusion-advection equation. This solver is based on a streamline upwind Petrov-Galerkin (SUPG) formulation (see Appendix A). A unique feature of our implementation is that we facilitate discontinuities in the velocity field (at faults) via a split node technique. The temperature solutions were verified to be identical to those resulting from integrating the time-dependent conduction equation for a long time (finite difference code of van de Zedde & Wortel (2001) ). As the mechanical models of this paper focus on short timescales, relative to a thermal diffusion timescale, we ignore the temporal evolution of conduction. We do account for advective heat transport through the Lagrangian motion of the numerical grid.
We assume the surface oceanic lithosphere has an age of 33 Myr at the right-hand model boundary. Here the initial geotherm is defined using a half-space cooling model. Using a convergence velocity of 4 cm yr −1 , which in our models corresponds to the spreading rate of the oceanic lithosphere, the oceanic age at the trench is of On the left the continental plate with the continental crust on top, on the right the oceanic plate. Boundary conditions: on the bottom no displacement; on the left: the lithosphere is locked, in the mantle horizontal displacement is allowed; on the right: the lithosphere is locked, in the mantle horizontal displacement is allowed. (Table 1) . We use a adiabatic gradient of 0.3 K per km. Temperature boundary conditions at the top and bottom of the model domain are 0 and 1531
• C. The initial temperature field is displayed in Fig. 2 (left-hand side). Temperatures at the rightand left-hand side of the model correspond to the two geotherms plotted in Fig. 2 (right-hand side) .
The velocity field to compute the initial temperatures has a uniform velocity of 4 cm yr −1 for both the surface oceanic plate and the slab. Velocity directions are everywhere parallel to the local mid-plane orientation to avoid a deviations from incompressible flow. In the temperature calculations, the velocity of the continental lithosphere is uniformly set to zero. The velocity field in the arc corner is calculated using an analytical corner flow solution, which depends on the subduction velocity and on the angle of subduction.
Our model domain is 700 km deep and 2800 km wide (Fig. 1) . The subducting oceanic plate is on the right, the overriding plate on the left. The shape of the curved slab is defined by an error function (Govers & Wortel 2005) ; we adopt a radius of curvature R of 1.6 L (L being the thickness of the oceanic lithosphere, that is, 80 km) and final dip angle θ of 45
• . The slab initially extends to 350 km depth. The overriding plate is 100 km thick, and has a crustal thickness of 35 km.
The rheology of our model is elastic, viscous, or plastic and depends on composition, temperature, pressure and stress (Table 1) . The viscosity η of steady state flow can be written as:
where A is the pre-exponent, Q the activation energy, p pressure, V activation volume, R universal gas constant, T temperature, and
Model viscosities follow from either steady state dislocation creep or diffusion creep. We choose model parameters following Karato & Wu (1993) for the mantle (the parameters are chosen to be intermediate between their wet and dry values (van Thienen et al. 2003) and Freed & Burgmann (2004) for the continental crust (see Table 1 )). If n > 1, the viscosity is stress dependent as a result of dislocation creep. Steady state diffusion creep results in a viscosity which is independent of stress (n = 1) and depends on grain size. This grain size dependence is not apparent in eq. (1) because we assume a uniform grain size of 1 mm and grain size exponent of 2.5 to correct the pre-exponential term. Dislocation creep is assumed to prevail to a depth of 350 km, and diffusion creep in the transition zone (Karato & Wu 1993) .
We use a low viscosity mantle wedge (LVW) in order to reduce the down-warping of the overriding plate in the arc/backarc region (Billen & Gurnis 2001) . The mantle wedge is the region of the mantle lithosphere and asthenosphere above the subducting slab (Fig. 1) . In our model, we assume a uniform viscosity of 1 × 10 19 Pa s in the mantle wedge.
We use an isotropic Von Mises criterion to limit deviatoric stresses in accordance with Byerlee's law (Byerlee 1978) with hydrostatic fluid pressure and horizontal compression. Yield strength increases linearly with pressure and it is expressed by the equation:
where Y is the yield strength, R depends on the friction coefficient, λ is the pore fluid pressure, p is the pressure. Viscoplastic flow results in permanent deformation in case deviatoric stresses exceed the yield strength. The resulting relaxation brings stresses back to the yield strength level. We adopt two descriptions for the active plate contact: a subduction fault and a subduction channel, with the following characteristics:
(1) A deformable subduction fault is described via updated slippery nodes, in which the fault slip is locally kept parallel to the fault (Buiter et al. 2001) . In most models, fault friction is negligible. We name this class of models fault no friction (FNF). We will also present models with a frictional fault (FF).
(2) A subduction channel separates the subducting and the overriding plate. The channel width is assumed to be approximately 6 km (Shreve & Cloos 1986; Beaumont & Ellis 1999) . Channel viscosity is taken to be Newtonian, ranging from 7 × 10 17 Pa s in our 'low viscosity channel' (LVC) models (England & Holland 1979; Shreve & Cloos 1986 ) to 10 21 Pa s in the 'high viscosity channel' (HVC) models (Renner et al. 2001; Gerya et al. 2002; Stockhert 2002) .
Following Govers & Wortel (2005) , we separate model densities into a 1-D reference density profile and the remaining density anomalies. Reference densities are used to initialize hydrostatic pressures and which initially do not contribute to the forcing. The remaining density anomalies (i.e. slab pull forces) are used to drive model deformation and are instantaneously applied at the beginning of the model calculation. The initial bending stresses are not included since we assumed a pre-existing subducted slab geometry. The influence of the ridge push is excluded in order to isolate the subduction effect (Bott et al. 1989) . In general we do not apply velocities as a forcing, except for one experiment in which we impose a velocity boundary condition of 7 cm yr −1 to drive the slab. We concentrate first on models where the subducting plate is free to move in a horizontal direction. Then we study models for a landlocked basin setting (Le Pichon 1982) , an example of which is the Mediterranean; a very small relative motion between continents that surround an oceanic basin has as a consequence that basin-internal subduction needs to be accompanied by backarc extension. Our boundary conditions on the lithosphere thus do not allow relative motion between the far field plates.
Our focus on the subduction zone has the consequence that we choose to ignore convective motions beneath the lithosphere which are not driven by the sinking slab or plate motions. We assume that such convection would cause similar imprints on both the subduction fault model and the subduction channel model. For comparing the two types of subduction zones, we thus consider plateexcited mantle flow only. This has one immediate consequence for the boundary conditions acting on the sublithospheric part of side boundaries: these boundaries are far enough from the central down-welling region to affect the horizontal in and outflow only beneath the lithosphere. Because viscous flow is incompressible in our formulation, this constraint has the additional consequence of requiring continuity of horizontal flow beyond our model domain. Consistent with Mitrovica & Forte (1997) , we assume a significantly higher viscosity in the lower mantle beneath the lower domain boundary; in our model this is represented by no slip boundary conditions.
R E S U LT S

Free subduction
In this setup the upper plate on the left-hand side is locked via a boundary condition and the subducting plate is free to move horizontally. Fig. 3(a) shows the velocity distribution for the frictionless subduction FNF after 250 Kyr (representing about 3100 asthenospheric Maxwell times). This time was chosen on the basis of longer running preliminary experiments which showed that model spinup signatures had vanished and that the velocity field had reached steady state.
Slab pull forces drive a primarily vertical down-welling close to the slab. Eddies are created at the two end sides of the slab. In the oceanic lithosphere, motions are mostly horizontally directed towards the plate contact region. Horizontal return flow dominates in the deeper mantle beneath the slab. Velocity patterns of the different subduction zone models are very similar in most of our model domain, except near the plate contact zone where there are important differences. Therefore, we will subsequently zoom in on this region. Fig. 3 (b) is a blow up of the subduction region of Fig. 3(a) . The subduction fault is defined along the plate interface from the trench to a depth of 100 km. Velocities are oriented towards the trench in the surface oceanic plate, and the magnitude is about 3 cm yr −1 . The overriding plate moves in the same direction as the subducting plate and the velocities are small, ranging from 0 and 3 mm yr −1 . In the slab velocities have a slab perpendicular component. Slab sinking induces higher velocities in the wedge than in the oceanic plate.
Frictionless fault subduction zone model (FNF)
In Fig. 4 (a), the solid line displays the horizontal velocity of the free surface for the entire model domain. For description purposes, the overriding plate is divided into region A, from the trench to the vertically projected tip of the slab, and region B beyond this (see Fig. 4 ). The trench is visible as a step velocity change at horizontal coordinate 100 km. The solid curve in Fig. 4(b) shows the total vertical displacement of the free surface. The trench is the deepest point of the curve (2 km). A 1-1.2 km depression has developed on the overriding plate in region A. Dynamic uplift of the outer bulge in the oceanic plate is approximately 500 m.
Fig. 5(a) shows principal stresses directions as arrows and effective stress as grey contours. In the overriding plate, close to plate contact, the stresses are small. Further to the left the stresses are horizontally compressive. Horizontal tensile stresses dominate the shallow surface oceanic plate. Zero friction at the plate contact can be seen as principal stresses oriented perpendicular to the interface. Stresses are negligible along the shallowest portion of the plate contact and slightly compressive at the interface with the deepest portion of the overriding crust. Significant fault normal stress develops in the slab near the downward tip of the subduction fault. Stresses within the slab do not show the typical signature of elastic bending, that is, tensile slab parallel stresses in the most shallow part and compressive stresses deeper down. Such stresses do not develop in our setup where we assumed a pre-existing subduction geometry. Our model stresses should be considered as changes due to subduction zone dynamics with respect to these typical initial flexure stresses. In the slab below 40 km depth, the compressive stresses are oriented approximately perpendicular to the slab. Stresses are low in the low-viscosity mantle wedge and beneath the oceanic surface plate.
The solid curve in Fig. 6 shows the horizontal stress of the free surface for the entire model domain. Tensile stresses dominate in the overriding plate close to the fault, and in the far field on the left-hand side (region B). A strong compression of about 150 MPa develops in region A.
Frictional fault subduction zone model (FF)
In our next model, we impose a uniform frictional stress of 20 MPa along the fault. The increased coupling results in a reduction of the relative velocity across the subduction zone to 2 cm yr −1 (Fig. 3c ). The region close to the plate contact subsides more strongly and region A subsides less (grey doted line) than in FNF model (Fig. 4b) .
Relative to the FNF model, velocities in the mantle wedge are reduced. The main difference in the stress field is at the plate contact where compression develops, while the compressive stress in region A decreases (Figs 5b and 6 ). 
Low viscosity subduction channel model (LVC)
In this model we represent the plate contact of the subduction zone by a LVC (η = 7 × 10 17 Pa s). The subduction channel is defined along the plate interface from the trench to a depth of 100 km. The convergence velocity is about 7 cm yr −1 , which is approximately 3 cm yr −1 higher than in the FNF (Fig. 3d) and Fig. (4a) . Velocities in the slab are uniformly plate parallel thus showing a plate like behaviour. The velocity in the overriding plate is almost uniformly zero except in the area from the trench to the projected tip of the slab (region A) where the velocity, directed to the left, implies that the trench advances with a velocity of 0.1 mm yr −1 . Vertical deformation is mostly less than for the FNF model except in part of region A close to the plate contact. The trench has deepened to more than 4 km, and is wider. The fore-bulge is less pronounced than in the FNF model. High velocities are excited in the asthenosphere below the overriding plate. The flow excited in the wedge below the overriding plate is lower than in the FNF model and the subducting plate moves faster than the mantle. Return flow velocities in the asthenosphere under the surface oceanic plate are lower than those in the oceanic plate itself.
In the overriding plate stresses are generally lower than in the FNF, with tension in the region close to the plate contact (see Fig. 5c ) and a weaker horizontal compression in region A (Fig. 6 , dashed curve). Tensile stress prevails in the upper plate far field region B (Fig. 6 ). Compressive stresses in region A are reduced by two orders of magnitude with respect to the FNF model. Horizontal tensile stresses dominate in the surface oceanic plate. The most shallow part of the subduction channel is visible as a zero stress layer between the oceanic slab and the continental crust. Deeper within the slab slab-parallel compression dominates. In Fig. 6 horizontal stresses are displayed with the dashed curve.
High viscosity subduction channel model (HVC)
The Newtonian viscosity of the subduction channel in this model is 1 × 10 20 Pa s. The overall response of this model is similar to the LVC model, but there are some differences. The velocity of the subducting plate is reduced to about 4 cm yr −1 in Fig. 4(a) . The vertical displacement is reduced as well relative to the LVC in Fig. 4(b) . The trench depth is about 2 km.
The most substantial change occurs in the horizontal stress in the overriding plate (Figs 5d and 6, region A) , which is more compressive. Still, however, stress levels are low compared to the FNF and the FF models.
Land-locked basin subduction
Next we present models with land-locked basin boundary conditions, that is, where the relative motion between the left and right lithospheric boundaries of the models is zero. Velocity and stress patterns of this models are very similar to the free subduction models in most of our model domain, the main differences are visible at the surface. Therefore, we will subsequently only show the surface expression of horizontal velocity, topography and horizontal stress in Figs 7 and 8 (more extensive results of these models are presented in the online Supplementary Material section).
Frictionless fault subduction zone model (FNF)
As in the previous models the subduction fault is defined along the plate interface from the trench to a depth of 100 km. The solid line in Fig. 7(a) displays the horizontal velocity of the free surface for the entire model domain. The trench is visible as a step change at horizontal coordinate 100 km. The velocity of the oceanic plate increases linearly towards the trench. The solid curve in Fig. 7(b) shows the total vertical displacement of the free surface. The trench is the deepest point of the curve (2.1 km). A 1 km deep depression has developed on the overriding plate region A. Dynamic uplift of the outer bulge on the oceanic plate is approximately 300 m. In Fig. 8 , the black line displays the horizontal stress at the free surface for the entire domain. The tensional stresses in the subducting plate (right-hand side) are higher than in the previous model (free subduction FNF model). Compression affects region A of the upper plate, but the magnitude of compression is reduced to about half of the value characterizing the free subduction FNF model, with a value of about 50 MPa. 
Frictional fault subduction zone model (FF)
In our next model we impose a uniform frictional shear stress of 20 MPa on the fault. The increased coupling results in a reduction of the relative velocity across the subduction zone (Fig. 7a , grey dotted line). The region of the overriding plate immediately close to trench subsides more strongly than in the FNF model, except for the region close to the plate contact (Fig. 7b, grey dotted line) . The trench has deepened by 1.5 km. Relative to the FNF model, velocities are reduced. The grey dotted curve in Fig. 8 shows the horizontal stress at the surface. The stress at the surface, is similar to the one of the FNF model, with compression in region A of the overriding plate. Relative to the FNF model, the overriding plate shows significantly stronger horizontal compression close to the plate contact. Similar to the FNF model, the surface oceanic plate is in horizontal tension.
Low viscosity subduction channel model (LVC)
As in the previous set of models we represent the subduction zone by a LVC (η = 7 × 10 17 Pa s). The convergence velocity is higher by approximately 1 cm yr −1 than in the FNF model (Fig. 7a , dashed curve). In the overriding plate the velocity increases moving towards the trench with a maximum velocity in the area from 260 km to the plate contact (region A) of about 3 mm yr −1 . Subsidence is less than in the FNF model, except for the region close to the plate contact (Fig. 7b) . The trench has deepened to less than 3 km, and is wider.
Stresses in the LVC model are generally different from the FNF and FF models in the overriding plate, in that weak horizontal tension prevails for nearly the entire overriding plate (Fig. 8, black dashed line regions A and B). Horizontal tensile stresses dominate in the surface oceanic plate with higher stress in the far field region than in the FNF and FF models.
High viscosity subduction channel model (HVC)
The Newtonian viscosity of the subduction channel in this model is 1 × 10 20 Pa s. The overall response of this model is similar to the LVC model. The velocity of the subducting plate is less than in the LVC but higher than in the FNF and FF models (Fig. 7a, black dotted  line) . The most relevant change occurs in the horizontal stress in the overriding plate (Fig. 8, black dotted line region A) , which is slightly compressive rather than tensile as in the LVC. Still, however, stress levels are low in comparison to the FNF and FF.
M O D E L A N A LY S I S
Comparing FNF, FF, LVC and HVC models for free subduction boundary conditions, we notice that the velocity in region A of the overriding plate is oriented in the same direction as in the subducting plate for all models. For the FNF model the magnitude of this velocity is higher than for all the other models. In the land-locked basin FNF model, the upper plate moves away from the trench, while in the LVC model the displacement direction is towards the trench. The FF and HVC models have an intermediate behaviour. When the overriding plate moves in the same direction as the subducting plate, a compressional regime develops in region A (e.g. Fig. 6 ). On the other hand, when the velocity is directed towards the plate contact, in the LVC land-locked basin setting, the regime in region A becomes tensional. This was also found by . The fact that they fix the subduction hinge with respect to the upper plate edge does not change the meaning of their result. Our results indicate that the different velocity distributions, arising from different states of the plate contact, cause different stresses in FNF, FF, LVC and HVC. The question is why the velocity changes from one model to the other. In the setup of our experiments, the negative buoyancy of the subducted lithosphere with respect to the surrounding mantle is the primary driving force. This holds for all models. The secondary forces which play a role are the suction force, which acts at the plate interface and makes the plates interdependent (Bott et al. 1989; Whittaker et al. 1992) , the force due to the bending of the lithosphere and frictional force in the models where friction is present (Fig. 9) . These forces result in a state of stress in the lithosphere, which we characterize by the Response Force that we define as the difference between horizontal and vertical stress integrated with depth through the lithosphere. We calculate it at the left edge of the continental plate. The boundary conditions, applied at this edge (locked: zero horizontal displacement), do not affect the overall response of the model because they are far enough from the trench. This is proven by the fact that tension develops in the far field of the plate even though compression dominates in region A (e.g. Fig. 8 ). Now we consider just the two end members of our models, the FNF model and the LVC models. LVC is characterized by a stronger Response Force than the FNF model. The force magnitude increases from 2.2 × 10 12 N m −1 in the FNF to 2.9 × 10 12 N m −1 for LVC, respectively. In the FNF model, the suction force is intrinsic in the fault description, since the normal stress and velocity are continuous at the fault and the two plates are fully coupled in that direction. The normal components of the forces, which act at the fault are transmitted from one plate to the other. The Response Force is the result of such normal continuity. When the fault is frictional (FF model) the overall response of the model is the same. The presence of friction develops compressive stresses along the plate contact and a compressive forearc region; clearly, the speed of subduction is reduced.
In the LVC model-and in general in any channel model (also in HVC model)-the nature of the Response Force is different. The channel, with its weak material, reduces the transmission of stresses between the plates, for example, the bending stress. Moreover, the low coupling between the plates increases the net downward force acting on the subducting plate. Shemenda (1993) showed that the interplate pressure is inversely proportional to the slab pull. As a consequence, the increase of slab pull decreases such a pressure. Shemenda (1993) proved that a low interplate pressure reduces compression of the overriding plate or it produces extension. In Fig. 9 the main forces in the process are summarized. Several aspects in the dynamic response of the models are worth noticing. First, in the free subduction LVC and HVC the velocity magnitude of the overriding plate is reduced relative to the FNF and FF models. In the FNF and FF models the forces are fully transmitted at the plate contact pushing the overriding plate towards the left. In the LVC and HVC the lower transmission of forces through the plate interface reduces such a push and as a consequence the compressive regime. Second, the velocity of the slab is faster in the LVC and HVC than in the FNF and FF models. Third, the velocity field in the slab is more slab parallel in the LVC and HVC models than in the FNF and FF models. In the land-locked basin LVC subduction model the rollback of the slab, in addition to the stronger net slab pull, makes the overriding plate advance. A higher channel viscosity (HVC) reduces the trench-ward velocity of the overriding plate and increases the compressive stress in the forearc region. This is a direct consequence of the increase of friction and transmission of stress from one plate to the other, and of the increase of the interplate pressure.
As the subduction velocity is generally lower in the FNF model than in the LVC model, it is understandable that the magnitude of the excited Response Force is less. To show that the plate boundary type, rather than the subduction velocity, determines the stress field and the amount of subsidence of the overriding plate, we consider two new models involving a FNF and a LVC type of plate contact. Now, the subducting plate is driven by velocity boundary conditions which are applied on the slab and on the right boundary of the oceanic lithosphere. The continental plate is again fixed on the left-end side. In Fig. 10(a) , the horizontal velocity at the surface of the model is displayed. The FNF model (solid line) is characterized by a retreating upper plate, while in the LVC model (dashed line) the plate is close to stationary. Fig. 10(b) shows the total vertical displacement. Subsidence is stronger on the overriding plate of the FNF model (solid line) than the LVC model (dashed curve) except for the region immediately close to the plate contact. At the bottom, the horizontal stresses are displayed: in region B of the upper plate both models show the same amount of compression; in part of region A of the FNF model compression is, whereas in the LVC model the compressive stresses are reduced by about 70 per cent. In the FNF model, the only force perpendicular to the fault is caused by the bending of the slab, the stresses generated are completely transmitted to the overriding plate at the shallow part of the fault, causing the retreat of the upper plate. In the channel models, the reduced transmission of the bending stresses and of the slab pull result in more subsidence close to the plate contact, less retreat, less down-welling above the slab end and lower compressive stress. In the land-locked basin FNF model the compression in the overriding plate above the dipping slab outweighs the tension produced by slab roll-back so that a net compressive stress persists into the backarc region. The horizontal compressive stresses and the down-welling above the slab end are due to the fact that the overriding plate retreats. This explains why in FNF the overriding plate experiences upwelling in the region immediately close to the plate contact.
The land-locked basin LVC produces tension in region A, even though the amount of slab roll-back is less than in the FNF model (see the online Supplementary Material section Figs 2(a) and (c). In the free subduction setup the compressive regime is reduced relative to the FNF model as well as the down-welling.
On the basis of our numerical models, we conclude that the nature of the plate contact is a primary controlling factor in developing or not of backarc extension. The plate contact type controls the dynamic response of the upper plate, drives the displacement of the overriding plate and as a consequence the stress distribution. Comparing fault and channel models, we conclude that the subduction channel reduces the compression in the region of the overriding plate above the slab, in a convergent tectonic setting (e.g. free subduction and kinematically driven model). The subduction channel-if the rheology is weak enough (e.g. LVC)-produces tension in a land-locked basin setting. The fault model, however, results in a compressive regime, even with a larger amount of slab roll-back than in the channel model. Many numerical studies have been carried out subduction process behaviour (e.g. van Hunen et al. 2000; Funiciello et al. 2003; Kincaid & Hall 2003; Hampel & Pfiffner 2006) . In this section we compare our models with the ones that are more closely related to our study, and we investigate, in a similar set-up, the same kind of observed parameters. Whittaker et al. (1992) used both locked and unlocked fault plate contact. The model with a locked fault showed results similar to our frictional model: compression was developed in the overriding plate close to the trench and in the backarc region and the displacement displayed a broad down flexure at the surface above the slab. However, their unlocked model showed a different behaviour compared to our FNF model. They obtained tension in the overriding plate. We can trace two reasons. First the fault extends until the end of the slab (in our model the fault is just at the contact between the two plates); in this way less asthenosphere was dragged down, reducing the down-welling of the lithosphere. Second, the continental crust in their model was 400 kg m −3 lighter than the surrounding mantle, which resulted in tensile stress regime of the overriding plate. So, their continental crust contributed to the forcing.
Comparing our model with the model of Giunchi et al. (1996) in which the fault is located just along the plate contact (their Locked model), we find both similarities and differences. The horizontal velocities showed the same pattern: the overriding plate retreated in the region close to the plate contact, but the magnitude in the subducting plate was lower in their model. This is due to the boundary conditions that in our models are farther from the trench. The vertical velocity showed a pattern comparable to our vertical displacement. The total velocity distribution displayed similar features, with the overriding plate moving in vertical direction and a strong near horizontal flow in the mantle. Their stress distribution, with the overriding plate in compression and very small stresses close to the plate contact, is also comparable to ours. It is interesting to notice that as soon as they unlocked the fault down to the end of the slab, the overriding plate started to move towards the trench and the horizontal compressive stresses became negligible. Overriding plate tension in their model was caused by two factors; the zero friction along the entire slab top surface reduced the drag of the asthenosphere and of the above lithosphere, and the dip angle which is 70
• in their model. This steep angle leads to a stronger suction force causing tension in the overriding plate. Zhong et al. (1998) found that, when a curved fault of 100 km depth and a dip angle of about 45
• were introduced at the contact between overriding and subducting plate, the upper plate was affected by horizontal compression. This is in agreement with our FNF results.
D I S C U S S I O N
In previous studies, different hypotheses have been proposed in order to explain what governs the stress regime in the upper plate. Some classical theories are: (1) backarc extension driven by rollback caused by negative buoyancy of the slab which is a function of the age of the slab (Elsasser 1971; Molnar & Atwater 1978; England & Wortel 1980; Faccenna et al. 2001; Hall et al. 2003; Schellart et al. 2003) ; (2) backarc extension driven by absolute motion of the overriding plate (Chase 1978; Scholz & Campos 1995) . Observed evidence supports neither hypothesis completely Sdrolias & Dietmar Muller 2006) . For the investigated tectonic settings, our models show that the velocity of the upper plate and the stress distribution of part of the upper plate are driven by the dynamic response of the subduction zone to the combination of suction force, transmission of bending stress and gravity. The dynamic response was measured at the edge of the upper plate, resulting in what we called Response Force. The LVC increases the magnitude of Response Force and produces tension even with a small amount of slab roll-back. As a consequence, although roll-back is required as a underling mechanical process, there is not a one-to-one relationship between roll-back and stress regime. The type of plate contact plays a decisive role in controlling backarc state of stress. These findings give a new insight in the mechanisms controlling the stress regime of the overriding plate.
This study has taken a step in the direction of defining the relations between plate contact type and stress regime of the overriding plate. However, there are some open problems related to the subduction channel. As pointed out by Eberhart-Phillips & Martin (1999) , large thrusting events have been recorded near the plate interface where LVC are present, for example, subduction of the Hikurangi Plateau. The problem arising from the presence of the LVC, that is characterized by a weak rheology, is how to explain these events. We think that, during evolution of a subduction zone, the interface can change from a plate contact like channel to a fault and vice versa. A very critical factor, as pointed out by Cloos & Shreve (1988) is the sediment supply; if the channel is thick, or has a very low viscosity, the average shear stress is relatively low. Then thrust earthquakes are more likely when the channel is so thin that it mechanically acts like a fault. Another possibility is that asperities in the channel, such a seamounts, may be sites of concentrated seismic activity (Ruff & Kanamori 1983) .
One limitation of our model is that the slab hangs from the top implying that the most of the slab weight is supported by the plates. We expect to obtain different results using a slab that is largely supported from below, that is, a slab reaching the 670 km discontinuity.
In this study, the numerical experiments are limited to free subduction and land-locked basin subduction, in both cases the overriding plate is locked. This derives from our starting point only to consider the cases where the forcing occurs within our model domain. As a consequence, however, our models do not encompass the entire range of tectonic settings; for instance, we did not consider the case of an overriding plate that is actively driven towards the trench by forces outside the model domain. Surely, our conclusions about the stress regime in the overriding plate will be affected by such boundary push or pull. For instance, if the overriding plate is actively driven towards the trench, it may mask the signature of backarc extension. We did not investigate the influence of the slab age; this is based on the fact that the age-dependent slab pull force contributes either slightly or not at all to slab roll-back that could explain backarc extension . We need to point out that in our dynamic models we neglect domain-internal ridge push in order to isolate the subduction effect. This force is present in most of the edge plates and could influence the stress distribution within the plates. In the kinematically driven model, where we imposed ridge push through velocity boundary conditions, compression affects the entire overriding plate for both FNF and LVC. However, the amount of compression is strongly reduced by the presence of the LVC. Thus, we argue that, even in a convergent tectonic setting, the different response due to presence of the LVC is well recognizable.
The LVW above the slab reduces the link between the overriding plate and the sinking slab. This feature makes it difficult to distinguish, in the surface response, between the contribution of such weak region and the flow generated by the eddies in the mantle. However, this does not affect our conclusions, in which we want to establish the differences due to the two types of plate contact using the same type of tectonic setting and forces.
Another limitation is that we did not investigate alternate subduction geometries; the influence of slab dip or different radius of curvature of the plate contact. We speculate that these parameters do not change our general conclusions, because, even though the results may be affected by them-for example, the dip angle is correlated to the stress regime of the overriding plate-the response of the subduction process is intrinsically related with the type of plate boundary. Thus, comparing FNF and LVC for different kinds of geometry or rheology, we will anyway observe different signatures. This is due to the fact that FNF and LVC represent different physical states of the subduction plate contact.
C O N C L U S I O N S
Based on a consistent comparison of fault and channel numerical models, we conclude that the nature of the plate contact is one of the controlling factors in developing or not of backarc extension. Our results indicate that the different dynamic response in the overriding and subducting plate, arising from the state of the plate contact, causes different velocities and stresses in fault models and channel models:
(i) if the subducting plate is free to move in horizontal direction (i.e. free subduction), the fault models are characterized by: (1) subsidence of the overriding plate above the slab; (2) imperfect plate like behaviour of the subducting plate; (3) motion of the overriding plate away from the trench; (4) compression of the backarc region ranging between the trench and the vertically projected tip of the slab. Specifically, when friction is present at the fault, subduction velocities are reduced, and subsidence of the overriding plate region close to the plate contact is more developed. Relative to the fault models, the channel models are characterized by: (1) less vertical deformation above the slab end, therefore the subsidence is reduced; (2) more subsidence close to the plate contact; (3) faster subduction and a more plate like motion; (4) less motion of the overriding plate away from the trench, due to the combination of suction force and the low transmission of stress between the plates; (5) lower compressive stresses in the overriding plate region ranging between the trench and the vertically projected tip of the slab;
(ii) If no relative motion between the far field of the two plates is allowed (i.e. land-locked basin setting), the fault models are characterized by: (1) subsidence of the overriding plate; (2) motion of the overriding plate away from the trench; (3) backarc compression of the upper plate in the region between the trench and the vertical projected tip of the slab. Slab roll-back does not produce tension in this region, but tension is generated in the far field region of the overriding plate. Again relative to the fault models, the channel models are characterized by: (1) reduced subsidence of the upper plate above the slab end; (2) more subsidence close to the plate contact; (3) faster subduction velocity; (4) upper plate moving towards the trench; (5) tension in the entire upper plate for LVC model and lower compression in the region of the overriding plate above the slab for HVC model. This shows that even though slab roll-back is less developed than in the fault model, tension may result in the entire overriding plate of our model We conclude that, the type of plate contact plays a decisive role in controlling the backarc state of stress. To obtain backarc extension, roll-back is required as an underlying geodynamic process, but it is not always a sufficient condition.
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R E F E R E N C E S
A P P E N D I X A : F I N I T E E L E M E N T E Q UAT I O N F O R D I F F U S I O N -A DV E C T I O N E Q UAT I O N
The partial differential equation (PDE) for the convection-diffusion problem including sources is:
where k denotes the diffusivity, T denotes the temperature, g denotes the heat production, ρ denotes the density, C p denotes the specific heat at constant pressure, v denotes the given velocity vector. We rewrite the equation above through the finite element formulation in the Standard Galerkin Approach (SGA). The SGA is based on the weak formulation of eq. (A1). This formulation arises by multiplication of the differential equation by the test function, which in our case is the shape function and afterwards integration over the domain. The eq. (A1) becomes:
where V (e) is the element volume, and T (e) = N E N j=1 N j T j is temperature in the element, NEN is the nodes element numbers. N j are shape functions prescribed in terms of independent variables and all or some of the parameters T j are unknown. Element velocities derive from the same interpolation function, that is, v 
where K is the stiffness matrix and P is the right-hand side vector. Following partial integration (i.e. using Gauss' divergence theorem) and ignoring surface integral-surface integral of neighboring elements are assumed to cancel after assembly-we obtain the expression for the stiffness matrix:
(A5)
A1 Streamline upwind Petrov-Galerkin method
The above SGA behaves like a central difference scheme. For large Peclet numbers, central differences behave notoriously poor (e.g. Patankar 1980 ). In the finite difference and finite volume literature, upwind techniques have successfully been employed to remedy this. Segal (1993) , based mostly on the work of Brooks & Hughes (1982) , summarizes the streamline upwind Petrov-Galerkin (SUPG) method for finite elements. As in SGA, SUPG uses the weak formulation, with the difference that the weighting functions are chosen differently:
where N is the classical shape function, and Q is a correction that takes care of the upwinding part. N is a continuous function while Q is allowed to be discontinuous over element boundaries. For this reason the Gauss divergence theorem can be applied just to N part. A common choice for the function Q is inspired by the 1-D stationary convection-diffusion equation without source terms:
The standard first order finite difference upwind scheme for the equation above may be considered as the central difference scheme corresponding to the equation
wherek is called the artificial diffusion tensor. In the streamlineupwind method, In order to avoid inaccuracies, artificial diffusion acts only in the direction of the flow. To that end,k is parametrized aŝ
The value ofk follows from summing the convective central difference term and the artificial diffusion term and assuming that this sum corresponds to the difference upwind scheme of the convective term. The next step is to construct a function Q such that an artificial diffusion term is created, in order to do that is sufficient to choose the component Q i equal to
Classical, or pure, upwinding in more dimensions results in
h x , h y and h z are element sizes in the x, y and z-direction, respectively. However, pure upwind results in overly diffusive solutions. Therefore a optimizing contributions of (underdiffusive) central differences and (overdiffusive) upwind differences is used (Brooks & Hughes 1982 
In G-TECTON the Mizukami scheme is used that is an extension of the above formulation for triangles (Mizukami 1985) . Weighting functions are functions of directional Peclet numbers
where κ is the thermal diffusivity. The following choices of f (α) are commonly proposed: SUPG results in a modified stiffness matrix
The second term destroys the typical symmetry of the stiffness matrix, and necessitates us to use a different solver. Here we choose the generalized minimum residual method Krylov subspace method as implemented in the PETSc package (Balay et al. 2002; http://wwwunix.mcs.anl.gov/petsc Extensive testing of the implementation showed that it performs very well for incompressible flow fields. One particularly tough and successful test (more difficult than probably ever encountered in earth science applications) is the high Peclet number circular rotation test (Brooks & Hughes 1982) .
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